Comparative studies of the optical properties of polystyrene WLS bers for High Energy Physics Experiments are presented. The response of bers to the blue light of a plastic scintillator is compared for bers with di erent dopant concentration, with single and multiple cladding, and with several Ultra Violet Absorbers (UVA) with di erent concentrations. Preliminary results on the mechanical stress of the bers are shown and a brief summary of the radiation hardness is given.
Introduction
Untill the 1980's, WaveLengthShifter (WLS) optical bers were used only in very special cases but, presently, plastic WLS bers are part of almost all the HEP detector systems. To this success, the initiative by K. Pretzl was crucial as was the e ort of P.Sonderegger for scintillating ber development.
In this paper we will report on our experience on polystyrene WLS bers developed for electromagnetic and/or hadronic calorimeters. This work is still in progress and it is essentially developed to optimize the performance of the Barrel Hadronic Calorimeter of ATLAS (TILECAL/ATLAS).
The TILECAL concept ( bers running paralel to the edge of scintillating tiles) was proposed in 1991 1] and since then several prototypes have been built. This calorimeter is made of iron plates interleaved with Scintillator Tiles read by 1 mm diameter ( ) WLS bers 2] 3]. Fibers from BICRON, KURARAY and POL.HI.TECH companies are being tested and used to build prototypes and the nal ATLAS calorimeter. Special tests have been also made in order to select 1 mm WLS bers for the upgrade DELPHI Scintillator TIle and WLS ber Calorimeter (STIC) 4] 5]. In this calorimeter, the absorber is made of plates of lead interleaved with scintillating tiles and the bers are placed perpendicular to the tiles (nowadays called "Shashlik type"). In both TILECAL and STIC calorimeters the scintillator plastic tiles are produced by injection molding technique at IHEP/Protvino, Russia 6] . The base material is transparent granulated polystyrene doped with 1.5% of PTP and 0.04% of POPOP.
WLS bers are not used only in calorimeters. They are very useful whenever it is necessary to bring the light signal from a scintillator to a region not close to the photodetector. Such is the case of the VETO detector placed in front of the STIC calorimeter in order to trigger on a single photon. This detector is made of plates of scintillator read laterally by WLS bers. The signal is brought to the exterior of the DELPHI detector by clear bers connected to the WLS bers as it is described in 7]. This is an example of using WLS bers outside the calorimetry eld.
2 General requirements for WaveLenghtShifting bers
The requirements for electromagnetic and hadronic calorimeters are not necessarily the same. Fibers for electromagnetic calorimeters are about 50 cm long (as it is the case when the absorber is lead) and for hadronic calorimeters the typical lengths are of the order of 200 cm. The density of bers can also change drastically from one calorimeter to another.
General requests are: Good e ciency in converting blue light from scintillator to a longer wavelength. The wavelength should match the photodetector quantum eciency.
The light from the ber should be transmitted through the ber with attenuation as low as possible. A compromise between long attenuation length and high light output should be obtained and the solution will depend on the length of the ber. Typical attenuation lengths of 1 m to 4 m are easily achieved, depending on the type of ber, and if it is mirror aluminized (or not) at one end, etc. For short bers (50 cm) the attenuation length is not so critical as it is for long (200 cm) bers, although this depends essentially on the speci c detector requirements. Fiber response should be fast enough to avoid pile-up of signals. Fibers with decay times of 10 ns or less are available.
Fiber to ber response uctuation should be small. Homogeneity of the material and uniformity of the diameter should be required. "Good" values for ber to ber uctuation are of the order of 5% or less. Fluctuations of 2% in the diameter are very common. Fibers should be exible and insensitive, as possible, to mechanical stress. In general, exibility is gained at expenses of shorter attenuation lengths. Fibers should be radiation hard. The level of radiation hardness required depend on the radiation environment of the experiment. In general, radiation hardness is in competition with fast decay times and long wavelength. "Blue" bers are, in general, faster but less radiation hard.
Fiber response to charged particles should be minimised. This is achieved by doping the bers with Ultra Violet Absorber (UVA). Those demands are guiding this work in order to caracterize and optimize the response of "green" WLS bers with spectra matching the quantum e ciency of bi-alkali photomultiplier tubes (PMT). Mechanical stress. Fiber response to the blue TILECAL scintillator is measured using a bi-alkali EMI9813KB photomultiplier tube (PMT) and integrating the current I(x) with a digital multimeter 8]. The light in the scintillator is excited by electrons from a 90 Sr -source. The same -source was used to evaluate the WLS ber response to charged particles. Position of the light (and ) source, movement of the scanning In rst approximation the ber light output can be described by the equation:
(1) L attS is the short attenuation length, L attL is the long attenuation length and I 0T = I 0S + I 0L is the light yield.
All light output results are presented in arbitrary units. As absolute reference, the number of photoelectrons produced by Minimum Ionizing Particles (muons of 150 GeV) in the center of a 3 mm thick Protvino scintillator tile read laterally by one Y11(200)MS ber at about 70 cm from a light guide in front of a XP2012 PMT is 1 photoelectron. The bers are mirror aluminized at the end opposite to the PMT with typical re ectivity values of 0.7.
E ect of the dopant concentration
Since 1992, bers with various concentrations have been systematically tested. Optimal concentrations for each of the selected type of bers were found. Till a certain limit, the light yield increases with increasing dopant concentration. First, the light transmitted through the ber is not attenuated, but after a certain dopant concentration the increase in light yield is obtained at expenses of decreasing the attenuation length.
In Fig. 1 -left are shown the light output I(x) of the several typical bers tested for the TILECAL calorimeter: Bicron BCF91A and BCF99-28, Y11 from Kuraray and S048-100 from Pol.Hi.Tech.
In Fig. 1 -right the same experimental results are shown but with the I(x) values normalised to the correspondent values for the BICRON BCF91A bers used to instrument the rst TILECAL prototype. Note that the S048-100 N4 were the best bers tested by us in terms of light output and attenuation lenght. The optical characteristics of those bers are shown in table 1.
All three producers can o er WLS bers with light output and attenuation length that are compatible with the minimal requirements of the TILECAL calorimeter. For simplicity we can consider as reference the light output and attenuation length of BCF91A bers.
BCF99-28 bers have higher concentration than bers BCF91A giving more light without degradation of the long attenuation length ( 200cm) 8], so they are (200) are slightly better than the BCF91A, at least for distances greater than 100 cm. Pol.Hi.Tech produces already bers (S048-100 N4) with characteristics similar to the BCF91A. However for some of these bers other parameters need also to be optimized, such as mechanical fragility 8] and radiation hardness 11]. The choice for each application depends on all these parameters. Fig. 2 shows recent experimental results from studies to optimize the light yield response of short bers (50 cm long) to instrument the upgrade DELPHI STIC calorimeter. Y11 bers with 300 ppm can be adequate for this detector increasing the signal/noise, ratio improving the detection of particles depositing little energy in the calorimeter as it is the case of muons. Since the bers are shorter it is possible to increase the light yield without appreciate deterioration of the e ective attenuation length. This value, when measured between 20 cm and 40 cm from the PMT is 100 cm without mirror and about 160 cm with an aluminized mirror (re ectivity of 0.7) at one ber end.
In Fig. 2 it can be seen the gain in light output, when using (with bi-alkali PMT) Y11 bres instead of the Y7, not available when the STIC was designed and material commissioned. Typical values for light output and attenuation length are shown in table 2. 
Fiber cladding
Light yield can be critical for calorimeters using small density of WLS bers, as it is the case of TILECAL. Using multicladding bers, not only improvement on optics is achieved, but also on the mechanics. Fibers are also better protected by the multiclad.
KURARAY Multiclad scintillating bers are available since the last few years 12]. Multicladding Y11(200)MS WLS bers were used to instrument one of the TILECAL prototypes and the TILECAL module 0. In Fig. 1 is shown the optical improvement by using a multiclad instead of a single cladding ber. When compared with single clad bers they show an increase of about 40% in light output for distances to the PMT larger than 1.4 m. Note that the multiclad thickness reduces the "active" WLS ber diameter, although, mechanically, the outside diameter is the same (1 mm).
BICRON and POL.HI.TECH are also developing this technique but the results are not yet satisfactory.
Fibers with UV absorber
Experimental tests on the rst TILECAL prototype 3], have shown that muons or pions impinging on the crack region between scintillators produce an enhancement of the calorimeter signal, leading to appreciable non-uniformities. This e ect can be reduced with the addition of small concentrations of UV absorber (UVA) to It is crucial that the response (light yield and attenuation length) of bers to scintillator light does not change signi catively. A compromise among all those e ects should be done interactively with tests of the prototypes.
Results of the light output response of several bers with and without UVA is shown in Fig. 3, 4 and 5. Response of bers to charged particles (electrons from the 90 Sr -source) and to light of the blue scintillator is compared. Fig. 6 shows the ratio of the light output at 140 cm for bers doped with and without UVA as function of the UVA concentration.
Instrumentation of the TILECAL calorimeter with Y11(200)MS bers doped with 600 ppm UVA, improved considerably its uniformity (< 1 % globally) 14].
BICRON bers with UVA needs some optimization and more systematic studies are necessary. Pol.Hi.Tech S048-UVA bers (concentration not speci ed) seem to be adequate to the TILECAL uniformity response.
Mechanical stress
Flexibility of the WLS bers for TILECAL calorimeter is mandatory. The bers are curved to diameters of about 10 cm or less and they should survive during 10 years. Mechanical fragility of bers can be considerable 8].
Presently, the plasticity of the bers can be optimized to reach the calorimeter required performance as it shown in Fig. 7 . Some of the bers can be bent to diameters of 5 cm without appreciable degradation of the attenuation length. Further tests are underway.
Radiation hardness
Comparative tests of di erent types of bers were performed at low and high dose rates (from 0.55 Krad/h up to 1.5 Mrad/h). The e ect of low energy (1.3 MeV) and Compton electrons was compared with the e ect of a mixed eld of neutrons and gammas from a nuclear reactor. These tests are reported in another contribution to this conference 15] and described in detail in 11].
For reasons of completeness we summarise those results in the following way: i) no dose rate e ects were observed, at least in the range of dose rates and conditions of these experiments; ii) degradation of bers by radiation is similar to the degradation by neutrons, as far as the dose is the same and the conversion ux-dose is realistic; iii) Adequate type of UVA with adequate concentration can help on radiation hardness; iv) 2 m long bers irradiated with uniform eld of 140 Krad along 130 cm (the 50 cm near the photodetector are not irradiated) su er mainly from degradation of the attenuation length. At the distance of 180cm the best tested Kuraray bers loose about 10 % . The best bers from Bicron lose about 15% and Pol.Hi.Tech loose about 25 %.
Summary
WLS bers produced by BICRON, KURARAY and POL.HI.TECH present properties to be used in electromagnetic, in hadron calorimetry and in a great variety of plastic scintillating detectors. All three companies o er bers with reasonable light yield and attenuation length (typically 200 cm for non-aluminized bers) and acceptable plasticity to be curved to diameters of the order of 10 cm. WLS dopants and UVA absorber concentration can be tuned to the speci c requirements of the calorimeter.
For calorimeters using a small density of WLS bers, as the case of TILECAL, multiclad bers with light yield similar to the Y11 KURARAY bers will improve considerably the calorimeter performance.
The radiation hardness of the bers is not in general a problem for LEP experiments and can be suitable for some regions of the LHC detectors, such as the barrel hadron region of ATLAS or CMS 11] .
